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•  Polysulfide  (PS)  dissolution  and  re¬ 
deposition  in  working  Li— S  elec¬ 
trode  is  studied. 

•  Particle  size  variation  of  S  electrode  is 
monitored  by  transmission  X-ray 
microscopy. 

•  Extensive  shrinking  and  expansion  of 
S  particles  are  observed. 

•  Solubility  of  PS  is  strongly  dependent 
on  Li  content. 

•  PS  re-deposition  is  nucleation- 
limited  and  leads  to  sulfur 
aggregation. 
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The  dynamics  of  polysulfide  (PS)  dissolution  and  re-deposition  during  electrochemical  charge/discharge 
of  the  lithium-sulfur  (Li-S)  cell  has  been  investigated  in  a  quantitative  manner  based  on  in-operando 
transmission  X-ray  microscopy  (TXM)  analysis  of  dimensional  variations  of  S  particles  in  working  cells 
that  have  been  subjected  to  different  depths  of  charge/discharge.  Extensive  shrinkage  and  expansion  of  S 
particles  have  been  observed  to  result  from  PS  dissolution  and  re-deposition,  respectively.  The  disso¬ 
lution  rate  of  PS  is  found  to  have  complex  dependence  on  the  Li  content,  being  significantly  higher  for  the 
stoichiometries  of  LiSg  and  Li2S4  than  those  between  L^Sg  and  L^Se.  PS  re-deposition  is  nucleation- 
limited,  leading  to  considerable  aggregation  of  the  S-containing  active  mass  and  enormous  dimen¬ 
sional  variations  of  active  particles.  These  two  consequences  may  impose  threat  to  the  cycle  stability  of 
the  electrode.  Possible  benefit  of  introducing  favorable  nucleation  sites  is  discussed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  high-energy-density  rechargeable  batteries 
becomes  increasing  important  for  clean  and  efficient  energy 
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storage  and  conversion  technologies.  Lithium-sulfur  (Li-S)  battery 
is  a  promising  rechargeable  battery  system  that  has  both  high 
theoretical  capacity  (1675  mAh  g-1)  and  energy  density 
(2600  Wh  kg-1)  [1-8].  Moreover,  S  is  inexpensive  and  nontoxic, 
making  Li— S  cell  potentially  suitable  for  large-scale  energy  storage 
applications.  S  lithiation  during  the  operation  of  Li-S  battery  is  a 
multi-step  electrochemical  process  that  involves  different  lithium 
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polysulfide  (PS)  intermediates,  some  of  which  are  highly  soluble  in 
the  aprotic  organic  electrolyte.  PS  dissolution  is  a  critical  issue  for 
the  Li— S  battery,  as  it  has  directly  been  linked  to  the  deterioration 
of  several  key  performance  indexes,  such  as  cycle  life,  self¬ 
discharge  and  coulombic  efficiency,  of  the  battery  [9-15]. 

A  few  in-operando  analytical  techniques  have  been  employed 
to  probe  different  aspects  of  the  PS  dissolution  process.  Canas  et  al. 
[16]  conducted  in-operando  X-ray  diffraction  study  on  the  evolu¬ 
tion  of  the  S-containing  crystalline  components  during  electro¬ 
chemical  charge/discharge  cycles.  Patel  et  al.  [17]  applied  in- 
operando  ultraviolet/visible  (UV-Vis)  spectroscopy  to  identify 
the  development  of  dissolved  PS  species  in  the  electrolyte.  The 
results  from  both  studies  indicated  extensive  PS  dissolution  during 
charge/discharge  cycles  of  Li-S  cells.  We  have  previously 
demonstrated  that  transmission  X-ray  microscopy  (TXM)  [18,19] 
allows  for  the  possibility  of  in-operando  study  on  microstruc- 
tural  evolution  of  active  materials  in  working  Li-ion  battery  elec¬ 
trodes.  Nelson  et  al.  [20  once  reported  an  in-operando  TXM  study 
on  the  morphological  changes  of  individual  S  particles  during  a 
deep  charge/discharge  cycle  of  a  Li— S  cell.  Their  results,  surpris¬ 
ingly  showing  very  little  change  in  S  particle  size,  are  quite 
different  from  what  would  be  expected  from  PS  dissolution,  and 
therefore  may  need  further  verification.  Furthermore,  while 
attention  has  been  drawn  mostly  around  the  dissolution  issue,  re¬ 
deposition  of  S/PS  taking  place  during  de-lithiation  and  its  po¬ 
tential  impact  on  the  performance  of  the  Li-S  battery  have  so  far 
not  been  addressed. 

Dimensional  variation  of  electrode  active  material  during 
charge/discharge  is  by  itself  of  major  interest  for  the  develop¬ 
ment  of  viable  battery.  Large  cyclic  dimensional  variation  of 
active-material  particles  during  the  electrochemical  processes,  as 
well  known  to  several  Li-alloying  anodes  [21],  is  detrimental  to 
the  cycle  stability  of  an  electrode.  The  dissolution  and  re¬ 
deposition  of  PS  may  potentially  lead  to  volumetric  variations 
of  individual  S  particles.  Such  dimensional  variations  have  not 
been  revealed. 

In  this  study,  the  dynamics  of  PS  dissolution  and  re-deposition 
has  been  investigated  by  analyzing,  with  in-operando  TXM,  the 
morphological  variations  of  individual  S  particles  in  working  Li— S 
cells  that  were  subjected  to  different  depths  of  charge/discharge.  In 
contrast  to  what  observed  in  the  previous  TXM  report  [20],  the  S 
active  particles  in  the  present  work  exhibit  complex  dimensional 
variations,  both  expansion  and  shrinkage,  of  which  the  kinetics 
shows  strong  dependence  on  the  Li  content  and  charge-discharge 
protocol.  The  kinetic  aspects  of  PS  dissolution/re-deposition  have 
been  treated  in  a  quantitative  manner  based  on  the  dimensional 
variations  of  the  S  particles.  The  implications  of  the  observed 
dimensional  variations  of  S  particles  on  the  performance  of  S 
electrode  are  discussed. 

2.  Experimental 

2  A.  Samples  and  electrode  preparations 

S  powder  was  used  as  received  (99.98%,  Aldrich),  and  milled 
with  a  planetary  high-energy  ball-milling  machine.  The  milling 
process  was  carried  out  for  10  h  in  air  with  a  rotation  speed  of 
300  rpm  and  a  ball-to-powder  weight  ratio  of  10:1.  Electro¬ 
chemical  measurements  were  carried  out  by  using  the  2032-type 
coin-cells.  The  working  electrode  consisted  of  S  particles, 
conductive  additives  and  binder  with  weight  ratios  of  4:5:1,  a 
composition  similar  to  previous  studies  [16,20].  The  conductive 
additives  include  graphitic  flakes  (99.9%;  KS6,  Timcal)  and  nano¬ 
size  carbon  black  (99.9%;  Super  P,  Timcal)  with  a  weight  ratio  of 
2:3.  The  binder  was  polyvinylidene  fluoride  (PVDF,  Kynar).  The 


working  electrode  was  made  by  coating  the  slurry  mixture  onto  an 
Al  current  collector.  The  electrode  was  then  roll-compressed  to  a 
final  thickness  of  ca.  45  pm,  and  the  working  electrode  disks  of 
13  mm  in  diameter  were  punched  off  from  the  electrode.  The 
counter  electrode  was  a  Li  disk  (15-mm  diameter,  0.3-mm  thick), 
and  the  electrolyte  was  1  M  solution  of  lithium  bis(trifuor- 
omethanesulfonyl)imide  (LiTFSI;  99.95%,  Aldrich)  in  1,3-dioxolane 
(99.8%,  Aldrich)  and  1,2-dimethoxyethane  (99.5%,  Aldrich)  (vol¬ 
ume  ratio  1:1).  The  covers  on  both  sides  of  the  cell  were  perfo¬ 
rated  and  sealed  with  Kapton  tapes  in  order  to  allow  the  X-ray 
beam  to  pass  through  the  cell. 

2.2.  Electrochemical  analysis 

The  charge/discharge  tests  were  carried  out  on  MCN6410  Arbin 
Battery  Testing  System  with  a  constant  current  of  168  mA  g_1 
within  the  voltage  window  between  1.5  and  3.0  V. 

2.3.  Synchrotron  TXM  analyses 

TXM  study  utilized  the  beam-line  #01 B1  facility  of  the  National 
Synchrotron  Radiation  Research  Center  (NSRRC)  in  Taiwan,  R.O.C. 
The  light  source  operates  with  photon  energy  ranging  between  8 
and  11  keV.  The  X-rays  passing  through  the  tested  coin  cell  goes 
through  a  zone  plate  optical  system  and  then  a  phase  ring  to  from 
the  image.  The  field  of  view  of  a  single  image  is  15  x  15  pm  for  the 
first  order  diffraction  mode  of  zone  plate.  The  phase  ring  positioned 
at  the  back  focal  plane  of  the  zone  plate  results  in  a  recording  of  the 
phase  contrast  images  at  the  detector.  A  mosaic  micrograph 
covering  a  larger  area  can  be  constructed  from  neighboring  single¬ 
view  images  collected  by  shifting  the  sample  stepwise  with  a  mo¬ 
tor.  The  electrochemical  test  was  simultaneously  carried  out  with  a 
potentiostat  connected  to  the  tested  coin  cell. 

3.  Results  and  discussion 

3 A.  PS  dissolution 

Control  studies  were  first  carried  out  to  ensure  that  X-ray  illu¬ 
mination  and  aging  alone  (without  simultaneous  electrochemical 
action)  has  negligible  effect  on  the  dimension  of  the  S  particles.  As 
shown  in  Fig.  SI,  illumination  under  the  selected  X-ray  intensity  for 
a  period  of  5  h  did  not  cause  appreciable  change  in  the  morphology 
of  the  S  particles.  Throughout  this  study,  each  TXM  analysis  was 
carried  out  for  no  longer  than  5  h. 

To  study  the  dynamics  of  the  dissolution  process,  a  Li— S  cell  was 
subjected  to  a  deep  lithiation  cycle,  and  the  variation  in  particle 
morphology  was  monitored.  Fig.  la  shows  the  mosaic  TXM 
micrograph  covering  an  actual  area  of  105  pm  x  105  pm  of  a  S 
electrode  before  the  electrochemical  treatment.  The  S  particles, 
having  a  size  distribution  ranging  from  3  pm  to  12  pm  and 
appearing  as  dark  particles  in  the  micrograph  (phase-contrast 
mode),  are  embedded  within  a  carbon  matrix. 

Fig.  2a  shows  a  series  of  snapshots  that  focus  on  an  area  that 
contains  three  neighboring  particles,  respectively  indexed  as  A 
(largest),  B  (medium)  and  C  (smallest),  at  different  moments  (t  =  0, 
180,  230  min)  during  lithiation.  The  voltage-versus-time  plot  is 
shown  in  Fig.  2b  (solid  line).  These  particles  and  background  (car¬ 
bon)  are  color-coded  in  order  to  enhance  the  contrast  (The  same  set 
of  snapshots  without  color-coding  is  shown  in  Fig.  S2  for  compar¬ 
ison).  As  shown,  all  these  particles  exhibited  extensive  size  reduc¬ 
tion  with  increasing  lithiation.  At  the  end  of  the  lithiation  cycle, 
essentially  all  the  original  S  particles  in  the  examined  area  dis¬ 
appeared  with  the  formation  of  new  faceted  large  particles  else¬ 
where  (arrows  in  Fig.  lb),  which  are  believed  to  be  insoluble 
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Fig.  1.  Mosaic  TXM  micrographs  of  a  sulfur  electrode  (a)  before  and  (b)  after  deep  electrochemical  lithiation.  The  arrows  points  to  the  formation  of  large  insoluble  polysulfide 
particles. 


polysulfide  crystals,  including  Li2S2  and/or  Li2S.  Clearly,  tremen¬ 
dous  migration  and  aggregation  of  the  active  material  took  place  as 
a  consequence  of  only  one  lithiation  cycle.  The  cell  was  subse¬ 
quently  dissembled  and  analyzed  by  scanning  electron  microscopy. 
A  large  amount  of  S  was  found  to  deposit  on  one-side  of  the 
separator.  This  is  consistent  with  the  observation  of  Canas  et  al. 
[16]. 

Fig.  2b  gives  detailed  dimensional  variations,  expressed  in  terms 
of  D/Do,  where  Do  is  the  initial  particle  dimension  and  D  instanta¬ 
neous  dimension,  as  a  function  of  lithiation  time  (lower  x-axis, 
Fig.  2b)  and  Li  content  (upper  x-axis)  (Particle  dimension  is  taken  as 
the  horizontal  dimension  passing  through  the  center  of  a  particle). 
For  all  of  these  particles,  the  shrinking  behavior  can  be  divided  into 
three  regions  showing  different  shrinking  rates,  including  faster 
rates  during  the  initial  and  final  stages  (regions  I  and  III,  respec¬ 
tively)  and  a  slower  rate  in  between  (region  II).  Region  I  occurs 
during  the  first  ca.  50  min  period,  and  it  spans  over  slightly  more 
than  one-half  of  the  first  voltage  plateau.  Region  II  covers  the  rest 
portion  of  the  first  plateau  and  nearly  the  entire  sloped  portion 
between  the  two  plateaus.  Region  III  covers  the  initial  period  of  the 
second  plateau.  It  is  important  to  note  that  all  the  particles 
completely  dissolved  when  the  electrode  was  discharged  to  the 
early  stage  of  the  second  voltage  plateau. 

It  is  worth  mentioning  that,  the  total  discharge  capacity  of  the 
present  S  electrode,  which  contains  “unprotected”  large  S  particles, 
is  only  half  of  the  theoretical  capacity  (for  LixS,  x  -  1.0;  solid  line, 
Fig.  2b).  For  comparison,  the  voltage  plot  of  another  S  electrode  in 
which  S  is  embedded  within  the  pores  of  porous  active  carbon  and 
which  exhibits  a  capacity  of  1200  mAh  g_1  (LixS,  x  ~  1.5;  dashed 
line,  Fig.  2b)  is  also  shown.  One  notices  that  these  two  plots  show 
essentially  the  same  profile  up  to  the  beginning  of  the  second 
plateau,  and  the  difference  resides  mainly  in  the  second-plateau 
capacity.  That  is,  the  capacity  loss  occurs  over  the  period  when 
the  particles  are  seen  to  completely  dissolve.  The  results  indicate 
that  PS  dissolution  followed  by  massive  migration  of  the  dissolved 
PS  species  out  of  the  electrode  constitutes  a  major  cause  to  severe 
capacity  loss. 

In  order  to  relate  the  dimensional  variation  to  PS  dissolution,  we 
first  consider  the  classical  dissolution  process  from  a  smooth  sur¬ 
face  of  a  spherical  particle  having  a  diameter  of  D,  the  rate  of  vol¬ 
ume  reduction  is  equal  to  the  mass  flux  multiplied  by  surface  area 
and  divided  by  density: 


7tD2/  _  d(i7rD3) 
p  d  t 


where  p  is  the  density  of  the  dissolving  particle  and/,  effective  mass 
dissolution  flux  (mass/area-time).  By  integrating  both  sides,  we 
obtain 
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where  the  proportionality  constant,  k,  may  be  regarded  as  the 
normalized  shrinking  rate  (min-1)  and  expected  to  increase  with 
decreasing  initial  particle  size,  D0.  Fig.  2c  re-plots  the  particle  size 
data  according  to  Equation  (3)  based  on  the  initial  particle 
dimension  prior  to  lithiation. 

For  region  1,  the  Li  content  expressed  in  LixS  changes  from  x  =  0 
to  0.12,  and  it  may  be  regarded  as  the  transformation  from  Sg  to 
LiSg:  Sg  +  Li+  +  e“  <-►  LiSg.  As  shown,  the  dissolution  behavior  in 
this  region  is  consistent  with  the  derived  dissolution  equation;  all 
the  particles  exhibits  linear  [1  -  D/Do]-vs.-t  correlation,  and  the 
shrinking  rate  constant  k,  equal  to  the  slope,  increases  with 
decreasing  initial  particle  size.  That  is,  the  smaller  particles  shrink 
faster. 

It  should  be  mentioned  that,  other  than  PS  dissolution,  density 
change  caused  by  Li  insertion  may  also  cause  dimensional  variation 
of  S  particles.  The  densities  of  PSs  are  not  available,  but  it  is  known 
that  there  involves  nearly  80%  [2,10]  increase  in  molar  volume  from 
Sg  to  Li2S.  Intrapolation  based  on  the  molar  volumes  of  these  two 
end-members  gives,  for  region  I,  an  estimated  volume  expansion  of 
4.8%  or  a  one-dimensional  variation  of  1.7%,  which  is  negligible  as 
compared  with  those  shown  in  Fig.  2b. 

Region  II  spans  over  the  range  of  LixS  from  x  ~  0.12  to  0.36, 
which  corresponds  to  the  transformation  from  LiSg  to  nearly  Li2S6: 
LiSg  +  Li+  +  e-  <-►  Li2Sg;  3Li2Sg  +  2Li+  +  2e"  <-►  4Li2S6.  The 
remarkably  reduction  in  shrinking  rate  in  this  region  as  compared 
with  region  I  is  rather  unexpected,  as  the  general  consensus  is  that 
the  solubilities  of  long-chain  (high  S  content)  PSs  might  montoni- 
cally  increase  with  increasing  Li  content.  The  estimated  volume 
change  resulting  from  Li  insertion,  as  described  above,  for  this  re¬ 
gion  is  9.6%,  which  corresponds  to  a  one-dimensional  enlargement 
of  3.0%.  This  possible  enlargement  is  much  smaller  than  the 
shrinkages  observed  in  region  I,  and  hence  cannot  be  the  main 
cause  to  the  reduced  shrinkage  in  region  II.  Therefore,  the  reduced 
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Fig.  2.  TXM  analysis  of  a  S  electrode  subjected  to  a  deep  electrochemical  lithiation;  (a) 
snapshots  of  three  particles,  A,  B,  and  C,  taken  at  t  =  0,  180,  and  230  min,  during 
lithiation;  (b)  plots  of  cell  voltage  (solid  line)  and  dimensionless  particle  size  (D/D0) 
versus  lithiation  time  (lower  x-axis)  and  Li  content  (upper  x-axis);  a  voltage  plot  of  a 
second  S  electrode  having  higher  lithiation  capacity  (dashed  line)  is  also  shown  for 
comparison;  (c)  re-plots  of  particle  size  data  in  terms  of  extent  of  shrinkage,  1  -  D/D0, 
according  to  Equation  (3). 


shrinkage  rate  in  region  II  genuinely  results  from  reduction  in  the 
dissolution  rate  of  the  PS  species. 

Finally,  region  III  takes  place  during  the  early  stage  of  the  second 
plateau.  All  the  particles  exhibit  accelerated  shrinkage  and 
completely  disappear  before  the  Li  content  x  in  Li*S  reaches  0.5, 
which  corresponds  to  To  correlate  the  dimension  data  with 
the  shrinking  model,  we  need  to  re-calculate  the  [1  -  D/D0]  data 
based  on  the  particle  sizes  at  the  beginning  of  region  III,  and  they 
are  shown  in  the  inset  of  Fig.  2c.  The  new  plots  show  parabolic, 
rather  than  linear,  correlation  between  [1  -  D/Do]  and  time  for  all 
three  particles.  The  concaveness  of  the  plots  indicates  increasing 
instantaneous  dissolution  flux  with  time.  The  slope  at  any  selected 
[1  -  D/Do]  value  is  found  to  increase  with  decreasing  Do;  this  is 
fundamentally  consistent  with  Equation  (3).  Overall,  the  acceler¬ 
ating  shrinking  rate  in  region  III  may  be  attributed  to  a  remarkable 


increase  in  solubility  for  U2S4,  and  the  shrinking  rate  accelerates  as 
a  result  of  increasing  amount  of 

3.2.  PS  re-deposition 

Because  of  massive  migration  of  PS  upon  dissolution,  it  was  not 
possible  to  monitor  the  re-deposition  process  of  the  same  particle 
after  it  was  completely  dissolved.  Therefore,  the  dynamics  of  re¬ 
deposition  of  PS  was  studied  on  a  Li-S  cell  subjected  to  a  series 
of  shallow  lithiation/de-lithiation  cycles  under  region  I  condition 
(Fig.  3a).  Fig.  3b  shows  the  snapshots  focusing  on  an  area  that  also 
contains  three  neighboring  particles  (panel  #i),  including  particles 
E  (largest),  F  (medium)  and  G  (smallest),  at  the  selected  moments 
indicated  in  Fig.  3a.  Both  particles  E  and  F  shrank  during  the  first 
lithiation  period  (©  in  Fig.  3a),  and  particle  F  completely  dis¬ 
appeared  prior  to  the  end  of  the  lithiation  (panel  #ii).  In  contrast, 
the  size  of  particle  G  did  not  changed. 

During  the  initial  stage  of  de-lithiation  (d)  in  Fig.  3a),  the  large 
particle  E  grew  to  exceed  its  original  size  (panel  #iii).  With  further 
de-lithiation,  more  deposition  took  place  in  the  areas  surrounding 
particle  E.  Notably,  deposit  grew  on  particle  G  (panels  #iv  and  #v). 
Upon  the  second  lithiation  (CD  in  Fig.  3a),  both  the  newly  deposited 
and  pre-existing  particles  (such  as  particle  E)  showed  size  reduc¬ 
tion  (panel  #vi).  The  cell  was  then  set  to  open-circuit  (©  in  Fig.  3a). 
Particle  E  continued  to  shrink  during  this  period  of  time  (panel 
#vii).  Finally,  the  cell  was  subjected  to  another  short  cycle  of 
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Fig.  3.  TXM  analysis  of  S  electrode  subjected  to  a  series  of  electrochemical  lithiation/ 
de-lithiation  cycles  shown  in  (a);  (b)  snapshots  of  an  area  containing  three  S  particles 
respectively  indexed  as  E,  F  and  G.  The  moments  when  the  snapshots  taken  are  marked 
in  (a)  with  the  same  numbers. 
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lithiation/de-lithiation,  where  particle  E  exhibited  size  enlarge¬ 
ment  and  reduction  accordingly  (panels  #viii  and  #ix).  It  is  inter¬ 
esting  to  note  that  the  size  of  particle  G  remained  invariant 
throughout  the  process.  It  is  most  likely  an  impurity  particle. 

Particle  size  growth  resulting  from  re-deposition  of  PS  may  be 
described  in  a  way  analogous  to  the  dissolution  equation  described 
above,  giving  a  similar  time-dependent  equation  for  the 
deposition: 


(4) 


where  f  is  the  deposition  flux  and  k'  is  the  normalized  expansion 
rate  constant  (min-1).  In  Fig.  4,  we  plots  the  size  variations, 
expressed  in  [D/D0  -  1]  according  to  Equation  (4),  of  particle  E 
versus  time  during  two  de-lithiation  periods,  including  the  first  and 
second  charge  (de-lithiation)  periods  (<D  and  (D  in  Fig.  3a).  As 
shown,  in  both  cases,  linear  correlation  between  [D/Do  -  1]  and 
time  can  be  established.  Furthermore,  comparing  the  line  slopes,  it 
is  noted  that  the  second-charge  period  gives  a  greater  slope,  and 
hence  a  greater  1<!  than  the  first-charge  period.  This  difference  may 
be  attributed  to  the  combination  of  a  smaller  initial  particle  size  Do 
and  a  higher  flux/.  The  latter  results  form  a  higher  PS  concentra¬ 
tion  in  the  electrolyte  during  the  later  stage  of  cycling. 

Panels  #i  through  #iii  in  Fig.  3b  show  that  the  large  E  particle 
grows  at  the  expense  of  small  F  particle.  It  depicts  an  interesting 
electrochemically  driven  “sintering”  process  resulting  from 
dissolution/re-deposition  cycles  of  PS  species.  During  the  cycling, 
we  typically  observed  (such  as  from  panel  #ii  to  #iii  or  from  #vii  to 
#viii  in  Fig.  3b)  that  size-growth  of  existing  particles  takes  place 
prior  to  the  formation  of  new  particles  during  de-lithiation.  This 
sequence  may  suggest  that  nucleation  to  form  new  particles  en¬ 
counters  a  higher  energy  barrier  and  occurs  at  a  slower  rate  so  that 
re-deposition  preferentially  takes  place  on  the  existing  particles. 
That  is,  the  re-deposition  process  is  said  to  be  nucleation-limited. 
This  may  lead  to  two  consequences  that  could  have  strong  impact 
on  the  performance  of  the  S  electrode.  Firstly,  the  large  particles 
that  have  not  completely  been  dissolved  during  the  lithiation  cycle 
would  grow  into  a  larger  size  upon  subsequent  de-lithiation  cycle. 
As  a  result,  there  is  expected  continuous  reduction  in  the  total 
number  of  the  particles  and  increase  in  average  particle  size  after 
repeated  cycles.  Aggregation  of  electrode  active  mass  will  cause 
reduction  in  the  overall  electrolyte/solid  contact  surface  area, 
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which  in  turn  leads  to  gradual  deterioration  in  the  rate  perfor¬ 
mance  of  the  battery. 

Secondly,  the  existing  particles  may  exhibit  enormous  cyclic 
dimensional  variations.  This  is  clearly  demonstrated  among  panels 
#vii  through  #ix  in  Fig.  3b.  As  mentioned  earlier,  the  theoretical 
molar  volume  increases  by  80%  between  Sg  and  L^S,  which  corre¬ 
sponds  to  one-dimensional  expansion  (D/Do  -  1)  of  21%.  In 
contrast,  the  particle  E  exhibits  an  increase  in  particle  size  by  116% 
between  panel  #vii  and  #viii,  followed  a  reduction  by  65%  between 
panel  #viii  and  #ix.  These  dimensional  variations  both  far  exceed 
the  theoretical  value.  The  large  cyclic  dimensional  variations  of  the 
particles  upon  cycling  may  easily  induce  high  stress  to  cause 
loosening  of  electrode  structure,  leading  to  deteriorating  electric 
contact  among  different  components  and  hence  fast  capacity 
fading. 

In  order  to  enhance  the  cycle  life  of  S  electrode,  instead  of  using 
bare  large  S  particles  as  in  the  present  study,  it  has  nowadays  been  a 
common  practice  to  embed  S  inside  the  pores  of  porous  carbon 
materials.  The  entrapment  of  S  inside  the  pores  has  been  meant  to 
slow  down  diffusion  of  dissolved  PS  species  out  of  the  electrodes. 
Dissolution/re-deposition  of  PSs  inside  the  pores  will  not  cause 
volumetric  variations  due  to  physical  constraint  imposed  by  the  C 
walls.  However,  dissolution/re-deposition  of  the  PS  species  outside 
the  pores  may  still  impose  threat  to  the  cycle  life  of  the  electrode.  It 
would  be  highly  beneficial  to  introduce  favorable  nucleation  sites, 
such  as  the  particle  G  shown  in  Fig.  3b,  into  the  electrode  matrix  for 
facilitating  PS  re-deposition  so  that  S/PS  particles  deposited  outside 
the  pores  may  remain  in  high  dispersion  upon  cycling.  On  the  one 
hand,  it  can  give  large  electrolyte/solid  interfacial  area  and,  on  the 
other,  it  may  help  to  avoid  enormous  dimensional  variations 
associated  with  segregated  large  particles. 

4.  Conclusions 

The  dynamics  of  PS  dissolution  and  re-deposition  of  S  electrode 
in  Li— S  cell  has  been  investigated  by  analyzing,  with  in-operando 
TXM,  the  morphological  variations  of  S  particles  in  working  cells 
that  were  subjected  to  different  depths  of  charge/discharge.  The 
kinetic  aspects  of  these  processes  are  treated  in  a  quantitative 
manner  with  classical  theory.  Extensive  dimensional  variations  of  S 
particles  have  been  observed  to  result  from  PS  dissolution/re¬ 
deposition.  As  reflected  by  the  particle  shrinking  rate,  the  dissolu¬ 
tion  rate  of  PS  exhibits  complex  dependence  on  Li  stoichiometry.  PS 
re-deposition  is  nucleation-limited,  leading  to  considerable  ag¬ 
gregation  of  the  S-containing  active  mass  and  enormous  dimen¬ 
sional  variations  of  active  particles.  These  two  consequences  may 
impose  threat  to  the  cycle  stability  of  the  electrode.  Possible  benefit 
of  introducing  favorable  nucleation  sites  is  discussed. 
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